is density-dependent, it can be a key factor in outbreak dynamics. 16 Plant physical and chemical defenses can be extremely effective against young 17 caterpillars, even of specialists. Phenological asynchrony with host plants can lead 18 to dispersal and mortality in the early instars, increased predation or poor nutrition 19 in later instars. Predation on early-instar larvae (including cannibalism) can be 20 extremely high, parasitism appears generally low, and pathogens acquired early in 21 larval development can lead to high mortality in later stadia. 22
Four well-studied species reveal very different roles of early-instar mortality in 23 population dynamics. In spruce budworm and gypsy moth, early-instar mortality 24 rates can be very high; they do not drive outbreak cycles, because density-25 dependence is weak, but can modulate cycles and contribute to outbreak size and 26 duration. For the autumnal moth, early-instar survival depends on host plant 27 synchrony, but may or may not be density-dependent. For monarch butterflies, the 28 relative importance of larval mortality rates in population dynamics remains 29 
EARLY-INSTAR BIOLOGY

64
Neonate caterpillars face several considerable challenges upon hatching: they need 65 to overcome plant mechanical (e.g. spines, trichomes, surface waxes, tough 66 cuticles) and chemical defenses (including secretions) and initiate feeding, before 67 exhausting the resources with which their mothers provisioned their eggs, and 68 without being dislodged from the plant by wind and rain or falling prey to natural 69
enemies. 70
Early instar caterpillars are not merely smaller versions of their final-instar selves, 71 they not only differ in scaling properties (e.g. mandible size and strength, thermal 72 mass, surface to volume ratio) but also in metabolism, digestive physiology, 73 sensory modalities (Hochuli et al. 2001 ) and gut microbiota (Mason and Raffa 74 2014) . In general, young caterpillars have higher relative growth rates, 75 consumption rates, metabolic rates, and assimilation efficiency, but lower net 76 growth efficiency, than older ones (Scriber and Slansky Jr 1981, Johnson and 77 Zalucki 2007) . They are more selective of food sources and more sensitive to plant 78 chemistry, possibly due to a more limited array of digestive enzymes (Hochuli et al. 79 2001). They are hence often more vulnerable to plant compounds and pathogens 80 that have little effect on older individuals (Zalucki et al. 2002) . These small larvae 81 usually have limited vision, but are often positively phototactic and negatively 82 D r a f t 5 geotactic, and also respond to olfactory and gustatory cues (Perkins et al. 2008) . 83
Many species start out cryptic, acquiring warning colouration later in development, 84 and many others are gregarious in the early instars, becoming solitary as selection 85 pressures change with increasing size (Despland 2013) . 86
MORTALITY RATES OF EARLY INSTARS
87
In the normal course of events, r-selection implies that most individuals die. Indeed, 88 studies on Lepidopteran population dynamics show that the early instars experience 89 huge attrition (Zalucki et al. 2002) , such that type III survivorship curves (with most 90 mortality occurring in the early stages) are the most common in Lepidopteran life 91
histories (Floater and Zalucki 1999) . 92
For instance, among forest defoliators, one study shows forest tent caterpillars, 93
Malacosoma disstria, to experience 61-66% mortality in the first three larval instars 94 in aspen and mixedwood stands in Alberta, Canada (Nixon and Roland 2012) . At 95 the other end of the world, on acacias in Queensland, Australia, the gregarious 96 processsionary caterpillar Ochrogaster lunifer experienced over 50% mortality in 97 the first larval stage across all populations studied, with 82% of colonies wiped out 98 before the end of larval development (Floater and Zalucki 1999) . In both cases, the 99 most important cause of early instar mortality was arthropod predation. 100
Among agricultural pests, a Pieris rapae life table shows 61% mortality during the 101 first instar mostly due to predation and drowning, with parasitoids gaining in 102 importance later in larval development (Dempster 1967 Non-pest butterflies have received less attention, but appear to suffer similar high 107 attrition rates: in the first two days post-hatch, Heliconius caterpillars feeding on 108
neotropical Passiflora vines experienced 70% mortality on plants without ants 109 attending extrafloral nectaries, but 45% on ant-attended plants (Smiley 1985) . The 110 sulphur butterfly Colias alexandra in montane valleys in the Rockies suffered 111 between 37-52% mortality in the first instar and 32-60% in the second, averaging 112 90% in the first three pre-diapause instars, attributed mainly to failure to establish 113 feeding or dislodgment from the host plant (Hayes 1981 
PHENOLOGICAL RELATIONSHIPS UNDER A CHANGING
166
CLIMATE
167
The importance of phenological synchrony between a herbivore`s feeding stages 168
and the availability of high quality plant tissue has long been recognized (Feeny 169 1970) , and has received renewed interest in this era of changing climate The main regulator of budworm outbreaks is thought to be parasitism on late instar 223 larvae. A ca. 40 year intrinsic oscillation in population density is generated by 224 lagged density-dependent changes in survival of late-larvae and pupae, most likely 225 caused by natural enemies (Royama 1984 ). This oscillation is well-documented, but 226 is imperfectly periodic due to modulation by other secondary factors (Cooke et al. 2000) . Indeed, thanks to its polyphagy, a neonate gypsy moth larva on 317 a tree that has not yet leafed-out is often able to disperse to a different species that 318 has. However, phenological mismatch (leaf-out too early or too late) often occurs 319 over large enough spatial scales such that dispersing larvae cannot find suitable 320 food. Foster et al. (2013) showed this occurred in 5 of 11 years studied. Their study 321 also showed that, in an average year, 60% of their Appalachian landscape included 322 host trees with suitable phenology for the gypsy moth, but that these stands 323 occurred in different parts of the landscape in different years, and were often too far 324 apart for larvae to disperse between them. Early-instar dispersal mortality thus 325 depends on tree species and stand mix but also on spatial heterogeneity in tree 326 phenology (Foster et al. 2013 ). Finally, larvae that hatch late relative to host plant 327 phenology appear to experience lower predation rates later in larval development, 328 such that phenological synchrony and dispersal early in development play a role in 329 
AUTUMNAL MOTH
366
The autumnal moth (Epirrita autumnata) is a European generalist univoltine 367 geometrid moth; destructive outbreaks occur with a 10-year cycle in northern and 368 high-altitude populations of mountain birch (Betula pubescens ssp. Czerepanovii N. 369 I. Orlova), whereas southern populations are more stable. This suggests that 370 mortality sources are lagged density dependent in the North but directly density 371 dependent in the South (Ruohomaki et al. 2000) . Despite considerable research, 372 it`s still not clear which mortality agents are responsible for these different 373 dynamics, but the two main factors identified to potentially have density-dependent 374 effects are natural enemies and plant defenses (Ruohomaki et al. 2000) . Mature leaves not only contain high levels of condensed tannins (up to 15% of leaf 411 dry mass), they are also very nutrient-poor, such that later-instar autumnal moth 412 caterpillars need to consume very large amounts in order to acquire sufficient 413 nutrients. The ratio of leaf consumption to larval growth increases from 2.9 in 414 June, to 9.8 in early July, and to 15 in August (Haukioja 2003 ). It appears that 415 young larvae are not able to achieve this rate of consumption on tough foliage or to 416 process these high levels of condensed tannins. probably in large part due to considerable inter-individual variation and rapid 436 phenological changes in mountain birch phytochemistry (Ruohomaki et al. 2000) . 437
Although the ecological relevance of these processes has yet to be determined, they 438 nonetheless raise intriguing questions about the role of early-instar feeding in 439 triggering plant defences and increasing mortality in later stages or later 440
generations. 441
The Epirrita distribution range is expanding into colder, more continental climates, 442 creating novel disturbance regimes in these fragile subarctic ecosystems. Changes 
MONARCH BUTTERFLY
451
The monarch butterfly (Danaus plexippus) is an icon for conservation biology. Cutting laticifers on this host improved survival (mortality due to miring in the 503 latex was 27% on the intact leaves despite trenching behavior compared with 2% 504 on the notched leaves), and doubled larval growth rate but decreased caterpillar 505 body cardenolide content by half (Zalucki et al. 2001a ). However, on the high-506 latex/low-cardenolide milkweed Asclepias syriaca, found in the northern USA and 507 Canada, growth was more rapid on severed-laticifer leaves but survival was 508 unaffected. Neither growth nor survival changed on the low-latex/low-cardenolide 509
A. incarnata and A. tuberosa (Zalucki et al. 2001b) . 510
Cardenolides consumed by monarch caterpillars are sequestered in body tissues 511 where they appear to protect both larvae and adults from natural enemies and from 512 D r a f t 24 disease (Malcolm 1995) . On A. syriaca, a plant with low cardenolide content, 513 larvae protected in cages had a higher survival rate (92%) than larvae left free on 514 plants (24%) (Zalucki et al. 2001b ). Adding cardenolides to artificial diet fed to 515 monarch caterpillars infected with O. elektroscirrha slowed parasite growth and 516 increased lifespan of infected but not uninfected butterflies (Gowler et al 2015) . 517
Cardenolide consumption thus appears to mediate a trade-off between toxicity and 518 protection. The production of these compounds is further influenced by yet another 519 trophic level: arbuscular mycorrhizal fungi increase both cardenolides and latex 520 production in infected plants, but the effect on monarch populations is not clear 521 (Tao et al 2016) . 522
Thus, for neonate monarchs, the first bites into milkweed leaves are dangerous. For instance, C. fumiferana and C. pinus share similar ecologies but different 551 population dynamics linked to differences in early instar mortality (Nealis 2003) . A 552 previous section described how early-instar dispersal and mortality in C. fumiferana 553 is tied to the availability of buds to emerging larvae, which in turn depends on host 554 phenology and past defoliation. 555
The congeneric C. pinus shares a very similar ecology and life history, but very 556 different population dynamics. It also hatches before budbreak of its main host, 557 D r a f t 26 jack pine, but does not mine old needles and hence depends strongly on presence of 558 pollen cones for survival. Early instar survival is 60-80% when pollen cones are 559 present on the host plant, but <10% when they are not. Pollen cone production 560 decreases sharply in accordance with the severity of previous-year defoliation. 561
Lack of pollen cones thus constitutes a lagged density-dependent mortality source 562 which generates the short-lived outbreaks typical of C. pinus (Nealis 2003) . 563 C. fumiferana also mines pollen cones, but, because it is also able to mine old 564 foliage, the relationship between early-instar survival and previous defoliation is 565 less strong. Thus, early-instar survivorship and its relationship to host phenology 566 and previous defoliation drives short outbreaks in C. pinus and contributes to longer 567 cycles in C. fumiferana (Nealis 2003) . Explaining the difference in population 568 dynamics between these two species requires an understanding of the relative 569 strengths of the hostplant feedbacks affecting the survival of early instars. 570
Phenological relationships clearly play an important role in early-instar mortality 571 rates, but their contribution to population dynamics is less predictable. For some 572 species, like C. pinus, as well as Operophtera brumata and Tortrix viridana, 573 synchrony with host plant seems to play an important role in generating outbreak 574 cycles, via an effect on early-instar survivorship (Nealis 2003) . For the four species 575 examined here, the relationship is more complex. Counter-intuitively, the role of 576 phenological relationships with host plants in early-instar natural enemy mortality 577 has received little attention, but their effects on late-instar predation rates can be 578 important (e.g. the well-documented slow-growth-high-mortality scenario or the 579 reverse effect observed in gypsy moth (Hunter and Elkinton 2000) ). 
